Background: Different influences of left ventricular (LV) remodeling on anterior and posterior mitral leaflet (AML and PML) tethering in ischemic mitral regurgitation (MR) has not been fully investigated. We hypothesized that progressive outward displacement of papillary muscles, including posterior vector, may cause greater tethering to PML compared to AML.
itral leaflet tethering configuration can be determined by geometric relationships and anatomical alterations of the mitral valve (MV) complex, which includes the papillary muscle (PM), chordae, leaflet, and annulus. 1-5 Therefore, leaflet tethering can be heterogeneous according to the variability of the components of the MV complex. As one such case of heterogeneous tethering, differing degrees of anterior and posterior mitral leaflet (AML and PML) tethering have been reported, 6 but the corresponding mechanism has not been fully investigated.
The PMs displacement vector contains 3 components: the medio-lateral, posterior, and apical directions. According to research, the PM displaces mainly in the medio-lateral and posterior directions. 1,7, 8 While medio-lateral displacement of PMs may equally affect AML and PML tethering, posterior displacement of PMs may have different influences on each leaflet. Posterior displacement of PMs may tether and pull both leaflets toward the line connecting the PM and annulus ( Figure 1 ; red and blue broken lines for AML and PML, respectively), resulting in increased leaflet tethering angle between leaflet and annular line (Figure 1 Middle, Right). In contrast, the response of the PM tethering angle between the annular line and the line connecting PM and annulus to progressive left ventricular (LV) remodeling can potentially be different between AML and PML ( Figure 1 ; PM tethering angle for AML, angle between the red and black broken lines; PM tethering angle for PML, angle between blue and black broken lines). Although PM tethering angle for AML may decrease with progressive M Figure 1 . Potential mechanism for different influences of left ventricular (LV) remodeling on anterior and posterior mitral leaflet (AML and PML) tethering. (Middle, Right) Posterior displacement of papillary muscles (PMs) may tether and pull both leaflets toward the line connecting the PM and annulus (red and blue broken lines for AML and PML, respectively), resulting in increased leaflet tethering angle between leaflet and annular line in mild LV remodeling. In contrast, the response of PM tethering angle (angle between red and black broken lines for AML and the angle between blue and black broken lines for PML, respectively) to progressive LV remodeling can be different between AML and PML. While PM tethering angle for AML may decrease with progressive LV remodeling, the PM angle for PML may progressively increase, suggesting that the influence of progressive LV remodeling on mitral leaflet tethering can be limited in the AML and greater in the PML, respectively. LV remodeling, the PM angle for PML may progressively increase. We, therefore, hypothesized that the influence of LV remodeling on mitral leaflet tethering, expressed by leaflet tethering angle, is greater for the PML compared to the AML. The purpose of this study was to compare the influence of LV remodeling on AML and PML tethering, respectively.
Methods

Subjects
Eighty-nine consecutive patients with LV dysfunction with ejection fraction (EF) <50% were studied using real time 3-D echocardiography (RT3DE). Due to the absence of normal sinus rhythm, 5 patients were excluded. Due to inadequate RT3DE, 5 patients were also excluded. The remaining 79 patients (42 with global LV dysfunction and 37 with segmental LV dysfunction) and 20 normal subjects constituted the study group. Informed consent was obtained in all patients and the institutional committee approved the study protocol.
Echocardiographic Data Acquisition
Conventional Doppler and 2-D echocardiography was performed in all subjects. Harmonic real-time transthoracic 3-D imaging was performed using a commercial ultrasound imaging system (iE33, Philips Medical Systems, Andover, MA, USA) equipped with a matrix-array transducer (X3-1, 1.9/3.8 MHz) with the patient in the left lateral decubitus position. Gain and compression controls as well as time gain compensation settings were optimized to enhance image quality. Pyramidal volume datasets were acquired from the LV apical window. Care was taken to include the entire LV cavity within the pyramidal scan volume. RT3DE datasets were acquired using a wide-angle (93× 80°) acquisition mode, in which 4 wedge-shaped subvolumes (93×20° each) were obtained from 4 to 7 consecutive cardiac cycles during held end expiration. Acquisition was triggered to the electrocardiogram R-wave.
3-D MV and LV Measurement
Data were transferred to a personal computer for offline analysis using 3DQ ADV (QLAB, Philips Medical Systems). Midsystole was defined as the middle echocardiographic frame with systolic mitral leaflet closure. MV en face 3-D view from the LV apex was obtained ( Figure 2A ). By moving and rotating cut planes in the 3-D en face view, a cross-sectional plane of the MV that visualized both mitral commissures was used to define the commissure-commissure plane, a plane that passes through both commissures and the LV apex ( Figure 2B ). Finally, the antero-posterior plane, being perpendicular to the commissure-commissure plane, was defined for imaging of the geometry of the central portion of the AML and PML ( Figure 2C ). In this antero-posterior plane, the degree of leaflet tethering was estimated by measuring the angle between each leaflet and the line connecting the anterior and posterior annulus (AML tethering angle α1 and PML tethering angle α2; Figure 2D ). The apical and posterior displacement of coaptation were also measured in this antero-posterior plane ( Figure 2E ). Mitral annular points were measured in 6 rotated apical images at 30° increments to measure the mitral annular area (MAA). LV endocardium was also traced in the 2 rotated and orthogonal apical images to obtain LV volume in end-diastole and endsystole. LV sphericity index at mid-systole was calculated as the ratio of LV end-systolic volume to the spherical volume, with diameter=apico-basal LV diameter. Mitral regurgitation (MR) was quantified using the vena contracta width or the narrowest jet origin in a parasternal or apical long-axis view perpendicular to the coaptation line. 9
Statistical Analysis
Data are expressed as mean ± SD. When comparing continuous data between 2 groups, Student's t-test was used. Relationships between continuous data were explored using univariate and multiple stepwise regression analysis. To examine the different influence of LV remodeling on AML and PML tethering, the interaction between AML vs. LV sphericity and PML vs. LV sphericity was tested using multiple regression analysis. P<0.05 was considered significant. Table 1 lists the subject characteristics. Generally, patients with LV dysfunction had greater LV dilatation, MV tethering, MAA, MR and greater reduction in LVEF compared to normal controls.
Results
Patient Profile
MV Tethering and LV Remodeling
The LV sphericity was significantly correlated with both AML and PML tethering (r=0.59 and 0.65, P<0.001; Figure 3 ). Multiple regression analysis yielded a significant interaction term between AML vs. LV sphericity and PML vs. LV sphericity (t=3.69, P<0.001), indicating greater influence from LV sphericity (steeper slope of the regression line) for the PML compared to that for the AML. The greater influence on PML tethering, however, may vary along the wide spectrum of LV sphericity. A significant and positive relationship existed between mid-systolic LV sphericity and AML tethering angle until the LV sphericity reached 0.38. After this point, even if LV sphericity increased further, no further increase in AML tethering developed. In contrast, a significant and positive relationship existed between PML tethering and LV sphericity even beyond the 0.38 cut-off. Therefore, the greater influence from LV sphericity on PML tethering may mainly take place in the range of severely abnormal LV sphericity. LV sphericity had significant correlations with both apical and posterior displacement of coaptation (r=0.49 and 0.56, P<0.001, respec- 
MR and LV or MV Measurements
On univariate analysis, MR vena contracta width was significantly correlated with AML tethering angle α1 (r=0.56, P<0.001), PML tethering angle α2 (r=0.67, P<0.001), apical displacement of coaptation (r=0.56, P<0.001), posterior displacement of coaptation (r=0.62, P<0.001), and MAA (r=0.39, P<0.001) ( Figure 6 ). Multivariate analysis identified independent contributions for MR vena contracta width primarily from PML tethering along with posterior and apical displacement of coaptation (Table 2A) . PML tethering angle α2 was significantly correlated with LV end-diastolic volume index, LV end-systolic volume index and LV sphericity index (r=0.68, 0.68, and 0.65, P<0.001, respectively; Table 2B ).
Discussion
The present study has demonstrated that both AML and PML tethering are significantly correlated with LV dilatation. The influence from LV remodeling on the AML and PML, however, seems different. The slope of correlation with LV sphericity was significantly steeper for the PML compared to the AML. Similarly, the slope of correlation with LV sphericity was also significantly steeper in posterior displacement of coaptation compared to the apical displacement. These suggest a predominant influence from LV remodeling on the PML. This seems reasonable, because the PM displacement vector contains a posterior component, and severe displacement of the PM in the posterior direction is expected to cause progressive tethering especially to the PML (Figure 1 ). Of note, it is not clear whether the predominant influence on the PML similarly occurs throughout the entire range of LV sphericity. Because AML tethering seems to show plateau in the range of advanced LV sphericity while the PML tethering continues to increase even in that range, predominant PML tethering may mainly take place in the stage of advanced LV remodeling. Multivariate analysis identified independent and primary contributions to MR severity from PML tethering angle. These suggest that predominant PML tethering plays an important role, in the presence of AML tethering, in the development of ischemic MR.
Previous Studies
The present results are consistent with previous studies demonstrating the importance of geometric changes in the development of ischemic MR. 18 We further demonstrated that LV remodeling has a greater influence on PML than AML tethering. Posterior displacement of the PMs relative to the posterior annulus seems to be a common mechanism to specifically augment PML tethering in the aforementioned situations. Of note, the larger annulus may not necessarily be associated with less PML tethering, as shown by the positive correlation between annular area and PML tethering in the present study. This suggests the superimposition of 2 opposite effects with regard to annular dilatation: effect 1, the attenuation of PML tethering by annular dilatation; and effect 2, the augmentation of PML tethering by associated LV remodeling. In the present study, the latter effect seems predominant. In patients who underwent restrictive annuloplasty for ischemic MR, Magne et al found that increased preoperative PML tethering was associated with greater LV remodeling, and adverse postoperative outcome with recurrent or persistent ischemic MR after the procedure. 16 The present results suggest that PML tethering rather than AML tethering may better express LV remodeling. This can potentially explain the ability of PML tethering to predict outcome after surgical annuloplasty for ischemic MR in Magne et al study. 16 
Clinical Application
The present results have emphasized the important role of PML tethering in the development of ischemic MR. The results suggest benefits of addressing the subvalvular tethering in ischemic MR. 19-24 Procedures targeted to outward displacement of PMs, as opposed to global LV dilatation or annular dilatation, 25,26 seem reasonable to improve tethering of both AML and PML. Procedures specifically targeted to PML tethering also seem reasonable, 27 especially in patients with annuloplasty and/or advanced LV remodeling. In ischemic MR, the regurgitant jet is usually directed posteriorly or centrally. Predominant PML tethering with relative AML prolapse can potentially explain the MR jet direction.
Study Limitations
Both AML and PML tethering reflect geometric alterations of the MV apparatus, including PM displacements. Geometric al- 29 The precise leaflet tethering pattern of whole leaflets and the geometric alterations of the MV apparatus, however, were not investigated in the present study. The present subjects had heterogeneous underlying disease with variable location and degree of LV dysfunction/dilatation. Therefore, the present hypothesis was not separately investigated according to the site or degree of LV dysfunction. Nevertheless, the purpose of the study was achieved by demonstrating a greater influence on PML tethering, compared to AML tethering, from LV remodeling, especially in the stage of advanced LV remodeling.
